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EXECUTIVE SUMMARY

Initial hydrothermal corrosion and steam exposures have been completed on ultrasonic additive
manufacturing (UAM) Zry4 specimens to compare to wrought Zry4 performance in both normal
operation and accident conditions. Slightly higher mass gains were found for the UAM Zry4 specimens
in both conditions, but these were generally associated with internal oxidation where delamination of
build layers occurred in the UAM material. Further characterization is being completed to conclude this
first phase of testing while a second phase is being planned.
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1. INTRODUCTION

Zircaloy-4 (Zry-4) is a material used in light water reactors (LWRs), particularly for fuel cladding, due to
its small neutron capture cross section and acceptable behavior in LWR environments [1-3]. While most
current fuel cladding is tubular in shape, new manufacturing methods may enable new innovative designs
[4]. The ultrasonic additive manufacturing (UAM) technique is one possible path to manufacturing
cladding [4-7] while including a complex heterogeneous internal architecture as has been demonstrated
previously for aluminum alloy prototypes [8]. This solid state joining process has primarily been
demonstrated on aluminum and copper metals and alloys, and not until recently on zirconium alloys [4].

UAM is a solid state joining technique whereby 50-250 pm layers of material are joined together
sequentially in layers using ultrasonic mechanical energy. A schematic of this process is shown in Figure
1. A sonotrode is powered in three directions: force applied normal to the build direction (Z), sonic
vibrations applied to the sonotrode (Y), and rolling forward along the length of the tape material (X).
Copper and aluminum were initially explored using UAM because of their high ductility [5-6]. More
complex structures also have been explored, for example, using Ni interlayers to fabricate austenitic steel
alloys [7]. A lack of voids between layers is important to ensure the total mechanical energy output by
the sonotrode is put into the built material, rather than lost in elastic deformation of the layer below.

Zirconium-based alloys are HCP structured, and so ductility and machinability are not as ideal for the
UAM process as are FCC alloys. Initial UAM Zircaloy-4 (Zry-4) results were recently published [4]. The
grain structure of the built material showed large amounts of texturing, with cracking and layer separation
being a common issue. The cracking present in as-built UAM Zry-4 material raised a concern about the
oxidation resistance of this material. This study provides some preliminary results comparing the
oxidation behavior of conventional wrought Zry-4 and UAM Zry-4 in pressurized water reactor (PWR)
operating conditions at 330°C and in accident scenarios with steam oxidation [9-11] exposures at 700°-
1100°C.
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Figure 1. Schematic of UAM process.




2. EXPERIMENTAL PROCEDURE

UAM material was built on a cast Zry-4 baseplate. Seven ~150 um thick layers were used in the build.
The Zry-4 baseplate was removed from the UAM material using electrical discharge machining (EDM),
leaving samples ~1 mm in thickness. Samples of both wrought Zry-4 and UAM had dimensions of ~1 x
12 x 20 mm and were polished to a 1200 grit SiC finish, attempting to remove as little material as
possible from the UAM specimens.

Two sets of experiments were carried out to test oxidation behavior in conditions simulating typical PWR
operation and accident conditions. The first was a hydrothermal corrosion test in a continuously
refreshing autoclave with laminar flow at 330°C, 15 MPa, and with oxygen content < 50 ppb, for 500 h.
Samples were hung on Dura-Z MgO partially stabilized zirconia rods (Coorstek, Golden, CO). A 103 kPa
pressure of Hx(g) was maintained above the water column in the loop to reduce oxygen content in the
water throughout the test.

To simulate accident conditions, 100% H>O(g) exposures in a Rubotherm thermogravimetric analysis
(TGA) furnace were done at 700°C for 1 h, 900°C for 1 h, and 1100°C for 10 min. To prevent
condensation, steam was introduced during heating at 600°C for all TGA experiments. Sample mass was
measured before and after exposure. After exposure, specimens were metallographically sectioned to
examine the reaction product using light microscopy and scanning electron microscopy (SEM) equipped
with energy dispersive X-ray spectroscopy (EDS). Oxide thickness was measured from SEM images
using an image analysis tool developed at ORNL [12]. Five images of each specimen were used for this
analysis, which resulted in more than 2000 measurements per specimen.




3. RESULTS

3.1 HYDROTHERMAL CORROSION

Figure 2 compares the average mass change results for wrought and UAM Zry-4 after 500 h of
hydrothermal corrosion at 330°C. In both cases, the average mass gain was relatively low, <0.25 mg/cm?.
The three UAM specimens had a higher average mass gain and greater variability as indicated by the
whiskers in Figure 2, which show one standard deviation. Macroscopic images of a typical UAM
specimen before and after exposure in Figure 3 suggest that interlayer oxidation occurred. The wrought
specimens had a uniform surface appearance after exposure. In cross-section, Figure 4a shows a
backscattered electron (BSE) SEM image of an example of the interlayer oxidation where zirconium
oxide has formed between layers near the edge of the sample. Occasionally larger internal separations
were observed in these samples, as shown in Figure 4b. In the image, the separation does not appear to be
connected to the surface but may be connected elsewhere, allowing internal oxidation to occur. Figure 5
shows representative images of the typical surface oxide formed on these specimens. Both the UAM and
conventional Zry-4 specimens form similar, continuous, relatively uniform thickness scales under these
conditions. Figure 6 shows box and whisker plots of the ~2000 measured oxide thicknesses for each
specimen exposed. The median values are very similar for all of the specimens, ranging from 0.56-0.75
um. However, the whiskers indicate that occasional thicker areas were observed on the UAM specimens.

Average Mass Change (mg/cm?)

UAM Zry-4 Bulk Zry-4

Figure 2. Mass change data for UAM and wrought Zry-4 tested in a continuously refreshing autoclave at
330°C, 15 MPa, < 50 ppb oxygen, for 500 h.
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Figure 3. Optical images of representative samples from hydrothermal corrosion tests, exposed at 330°C, 15
MPa, < 50 ppb oxygen, for 500 h.
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Figure 4. BSE SEM images of a UAM specimen after exposure in PWR conditions for 500 h at 330°C
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Figure 5. BSE SEM images of Zry-4 specimens after exposure in PWR conditions for 500 h at 330°C, (a)
UAM and (b) wrought
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Figure 6. Oxide thickness measurements of each UAM and wrought Zry-4 samples tested in a continuously
refreshing autoclave at 330°C, 15 MPa, < 50 ppb oxygen, for 500 h. The boxes are defined by the 25% and
75% values and whiskers show the minimum and maximum values measured. Median oxide thicknesses are
shown.

3.2 STEAM EXPOSURES

Mass change TGA data for samples exposed at 700°C in 100% steam are shown in Figure 7. Time and
mass zero points were defined when the steam was introduced at 600°C and the shaded region is the time
at 700°C with a ramp rate of 12°C/min. The mass changes in both cases were low with only a slightly
higher mass gain for the UAM specimen. Similar to observations in hydrothermal corrosion, interlayer
oxidation was observed in the UAM specimen, Figure 8. In this region, an area of increased oxidation
occurred deep into the UAM specimen. The increase in volume due to the formation of ZrO, likely
caused the layers to further separate. In regions without internal oxidation, Figure 9 shows that the
external ZrO; scale was very similar on the UAM and wrought Zry-4 specimens. Thus, the higher mass
gain observed in Figure 7 is likely due to interlayer oxidation.

Figure 10 shows mass change data for specimens tested in steam at 900°C. As expected, the mass gains
are approximately an order of magnitude higher than at 700°C with the UAM specimen again showing
higher mass gain. In this case, substantial interlayer oxidation occurred causing the entire specimen to
deform. Figure 11a shows the significant internal oxidation. The surface oxides on both sides of the
specimen contained large cracks. Figure 11b shows the more compact oxide formed on wrought Zry-4
after the same exposure. However, some cracks in the substrate can be seen beneath the scale. The
cracking can be attributed to O and/or H ingress into the substrate and the associated embrittlement in the
near surface region [13-15]. The difference in surface oxide thickness is quantified in Figure 12. The
wrought Zry-4 specimen formed a much thinner and more uniform surface scale. The macroscopic
specimen deformation due to the interlayer oxidation may have contributed to the accelerated growth of
the surface oxide on the UAM specimen.
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Figure 7. Specific mass change TGA data for UAM and wrought Zry-4 tested in 100% H>O(g) for 1 h at
700°C. The shaded region shows the time at 700°C after steam was introduced at time zero.

500 um

Figure 8. BSE SEM image of interlayer oxidation of a UAM Zry-4 sample tested in 100% H:0(g) at 700°C for
1h.
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Figure 9. Oxide thickness measurements of the external oxide of UAM and wrought Zry-4 tested in 100%
H:20(g) at 700°C for 1h. No statistical difference exists.
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Figure 10. Specific mass change vs. time for UAM and wrought Zry-4 tested in 100% H:0 at 900°C for
1h.The shaded region shows the time at 900°C after steam was introduced at 600°C.
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Figure 11. BES SEM images of Zry-4 after 1 h in steam at 900°C, (a) UAM and (b) wrought.
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Figure 12. Oxide thickness measurements for UAM and wrought Zry-4 tested in 100% H20 at 900°C for 1h.
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Figure 13 shows the mass change for specimens tested at 1100°C in steam with only a 10 min hold at
temperature shown in the shaded area. Several wrought specimens were exposed and all showed much
lower mass gain than the UAM specimen. Even with the shorter exposure time, the oxidation was so
significant that the UAM specimen broke apart during cooling to room temperature and not all of the
specimen was recovered. Figure 14 shows the more complex scale formed at this temperature. Multiple
phases formed in the surface oxide on the UAM Zry-4 specimen. Characterization work is continuing to
identify phases rich in Sn (red arrow in Figure 14a), Fe and Cr. Substrate cracks (circles in Figure 14)
were larger after this exposure.
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Figure 13. Mass change for UAM and wrought Zry-4 samples tested in 100% H20(g) at 1100°C for 10 min.
The shaded region shows the time at 1100°C.




Figure 14. BSE SEM images of Zry-4 specimens (a) UAM and wrought Zry-4 samples exposed to 100%
H>0(g) at 1100°C for 10 min. The red arrow shows a Sn rich phase, 1 is the zirconium oxide scale, 2 is a Zr
rich oxide phase, and the blue circle denotes areas of Fe and Cr segregation.

4. CONCLUSIONS

This initial evaluation of the oxidation behavior of Zry-4 made by ultrasonic additive manufacturing
indicated that interlayer oxidation is a concern in both hydrothermal and steam oxidation conditions. In a
simulation of normal LWR operating conditions, the surface oxides formed on UAM specimens were
similar to those formed on conventional wrought Zry-4. Similar issues with accelerated oxidation at
interlayers were observed in experiments to simulate accident scenarios using 100% steam at 700°, 900°
and 1100°C. Further process improvements may be needed to address the interlayer oxidation issue. Pre-
exposure characterization of the UAM structure would be needed to determine the exact contribution of
interlayer oxidation to the observed increase in mass change.
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